Upon the interaction of 60 TW Ti: sapphire laser pulses with 4 mm long supersonic nitrogen gas jet, a directional x-ray emission was generated along with the generation of stable quasi-monoenergetic electron beams having a peak energy of 130 MeV and a relative energy spread of $ 20%. The betatron x-ray emission had a small divergence of 7.5 mrad and a critical energy of 4 keV. The laser wakefield acceleration process was stimulated in a background plasma density of merely 5.4 Â 10 17 cm À3 utilizing ionization injection. The non-self-focusing and stable propagation of the laser pulse in the pure nitrogen gaseous plasma should be responsible for the simultaneous generation of the high-quality X-ray and electron beams. Those ultra-short and naturally-synchronized beams could be applicable to ultrafast pump-probe experiments. V C 2014 AIP Publishing LLC.
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The rapid development of ultraintense femtosecond laser technology stimulates massive progress in several aspects of high energy density physics, such as laser wake field acceleration (LWFA) and ultrafast x-ray generation. [1] [2] [3] [4] When a relativistic (a 0 > 1, a 0 is the laser normalized vector potential) laser pulse is incident into underdense plasma, a large amplitude electrostatic plasma wave called laser wakefield is formed behind the laser pulse. The phase velocity of the laser wakefield equals the group velocity of laser in plasma, which is close to c. Electrons trapped in a wakefield experience an accelerating field of 100GV/m, which is three orders higher than available in conventional accelerators. 1 In the nonlinear regime of LWFA, when an ultra-short (cs 0 < k p where c is the vacuum light velocity, s 0 is the laser pulse duration, and k p is the electron plasma wavelength) intense laser pulse having a 0 > 2, 5 interacts with the plasma, the ionized electrons are evacuated and an ion cavity (bubble) is formed behind the laser pulse. Monoenergetic and GeV electron beams have been generated from LWFA working in bubble regime. [6] [7] [8] [9] [10] Moreover, the accelerated electrons traveling in the plasma channel will undergo betatron oscillations due to the restoring force supplied by transverse electrostatic field in the channel. Since the electrostatic field has micrometer scale length, the electrons undergoing the betatron motion will emit x-rays along the propagation direction.
11 Betatron x ray sources have been achieved from laser wakefield acceleration with a source size of micrometers 12 and energies up to the c-ray level. 13 The wiggler strength parameter of an electron undergoing betatron movement is defined as K ¼ ch, in which c is the Lorentz factor of a relativistic electron and h is the x-ray beam divergence angle. When the strength parameter K ) 1, the emitted x-ray has a synchrotron-like continuous spectrum with a critical energy of E c ¼ 3 hKc 2 -b , in which h is the reduced Planck constant and -b is the betatron oscillation frequency. With the electron energy of hundreds of MeV, the generated betatron radiation can easily get into the hard x-ray region.
Most betatron x-ray sources were generated from a plasma with a density above 10 18 cm À3 , [11] [12] [13] [14] [15] and the electron bunches were generated from the self-injection. Since selfinjection regime relies on the nonlinear wave breaking of the plasma wave, usually, the generated beams of electrons and betatron x-rays have large shot-to-shot fluctuations. Another drawback of the self-injection regime is that it usually requires a laser power much larger than the self-guiding power to get the electrons trapped in the bubble, 16 thus reducing the energy transfer efficiency from laser to electrons and x-rays. Ionization injection using high Z gas is an alternative that has the advantage of lowering the injection threshold. Electron beams generated from ionization injection have been studied experimentally [17] [18] [19] and theoretically. [20] [21] [22] [23] Quasimonoenergetic electron beams have been observed from a single stage Nitrogen gas target. [24] [25] [26] However, betatron x-rays emitted from ionization injection were merely studied, and the simultaneous generation of high-quality quasimonoenergetic electron and x-ray beams was scarcely observed. 27 In this paper, we present a simultaneous generation of quasimonoenergetic electron and betatron x-ray beams in the ionization injection regime. By interacting ultra-short laser pulses with low density pure nitrogen gas jet, no self-focusing was observed and the electrons were generated at the beginning of the process when the laser a 0 was large enough to cause ionization injection. The electron beams generated from ionization injection were highly stable and had quasimonoenergetic peaks around 130 MeV. Simultaneously, highly collimated x-ray beams with transverse divergence of 7.5 mrad were emitted in the forward direction. The x-ray spectrum had The experiment was carried out using a high power Ti: Sapphire laser system at the Key Laboratory for Laser Plasmas (LLP) at Shanghai Jiao Tong University in China. In the experiment, the system delivered laser pulses with energy up to 1.6 J and pulse duration of 30 fs at full width half maximum (FWHM). The linearly polarized laser pulses were focused by a f/20 off-axis parabola (OAP) onto the gas jet. The focal spot had a FWHM radius of 15 lm with 28% of the total pulse energy contained (1/e 2 radius w 0 $ 25 lm). The resulting peak laser intensity corresponds to a normalized vector potential of a 0 ¼ 1.8. The gas jet was formed from a 4 mm long supersonic nozzle. Since there is a large ionization potential gap between L-shell electrons and K-shell electrons, the charge state for the background nitrogen ions is assumed to be 5þ. The background electron density is estimated to range from 2.7 Â 10 17 cm À3 to 2.7 Â 10 18 cm À3 for the stagnation pressures from 0.1 bar to 1 bar. Detailed measurements on the gas density were mentioned in Refs. 28 and 29. The generated electron beams were dispersed by a 16 cmlong permanent dipole magnet with magnetic field strength of 0.98 T. The electron spectrum and x-ray signal were recorded simultaneously by setting an imaging plate (IP) (Fuji Film SR series) covered with 12 lm aluminum foil behind the magnet. A top view imaging system was set to monitor the laser propagation in the gas target.
In the experiment, to eliminate the possibility of selfinjection in the LWFA process, the laser plasma interaction was performed at very low plasma densities. At a background electron density of 5.4 Â 10 17 cm
À3
, highly collimated and stable quasi-monoenergetic electron beams were generated. The energy spectra of three consecutive shots are shown in Fig. 1(a) . The energy peaks of the spectra were 131 6 10 MeV, 128 6 12 MeV, and 134 6 12 MeV, respectively. The divergence angle of an electron beam could be deduced from the transverse profile of the recorded spectra. For the shots with quasi-monoenergetic electron beams, the transverse divergences of the beams were in the range of 3.8 6 0.3 mrad. In Fig. 1(a) , we can clearly observe the long tails in shot#3. The long-tail is a common feature for electron beams generated from ionization injection which has been reported elsewhere. 17, 24 It is a result of continuous ionization and injection of the inner-shell electrons. The total charge of the electrons with energy above 50 MeV were in the range of 5.6-7.1 pC. 30 The deconvolved electron spectra of the three consecutive shots are plot out in Fig. 1(b) .
The channel image recorded by the top view system is shown in Fig. 1(c) . For 70% of the shots, when collimated electron beams were generated, the plasma channel lengths were about 2.4 mm. The laser self-focusing power threshold in underdense plasma is P c ¼ 17ðx Based on the calculations, we deduced that the laser just propagated through the gas jet and no self-focusing occurred. Without self-focusing, the laser intensity could not be enhanced further during propagation. Since the incident laser pulse had an a 0 ¼ 1.8, with a plasma density of merely 5.4 Â 10 17 cm
, self-injection is impossible to take place. The ionization potentials to produce N 6þ and N 7þ ions are 552 eV and 667 eV, respectively. Based on previous theoretical and experimental studies, 17, 20 it is sufficient for a laser pulse with a 0 $ 1.8 to ionize the N 5þ ions to N 6þ ions. Thus, it is reasonable to infer that the quasimonoenergetic electron beams were generated from ionization injection of the 6th electron (K-shell) located only near the peak of the laser pulse. The monoenergetic structure can be explained as followed: Since no obvious self-focusing occurred, the laser intensity kept decreasing when propagating through the gas jet. Ionization injection process would cease when a 0 falls below 1.7. 20 Assuming a free space propagation for a Gaussian laser pulse, the transverse spot radius is estimated to be w 2 ¼ w depletion of the laser pulse, a 0 is a function of the propagation distance, which can be defined as a ¼ a 0 =½1 þ ðZ=Z R Þ 2 . In our case, a dropped below 1.7 in a distance of 600 lm. So the injection process only occurred at the first 600 lm. Considering laser energy depletion by the plasma wave and in the gas ionization processes, actually that distance could be even shorter. On the other hand, the dephasing length 31 is calculated to be 160 mm as a result of such low plasma density. Mono-energetic structure formation due to phase space rotation is excluded since the dephasing length is much larger than the gas jet length. Thus, the short injection distance limited by the non-self-focusing propagation of the laser pulse should be responsible the generation of quasimonoenergetic electron beams. Since this LWFA process is working in a linear mode, the maximum acceleration gradient can be estimated by E 0 ¼ cm e x p =e ¼ 70MV=mm, where x p is the electron plasma frequency. Given a channel length of 2.4 mm, the maximum electron energy should be 170 MeV, which is in agreement with the observed spectrum in Fig. 1(b) .
With stable channel formation and quasimonoenergetic electron beam generation, highly collimated x-ray beams were also generated along the laser and electrons propagation direction. Typical x-ray transverse spatial profile is shown in Fig. 2(a) .The emitted x-ray beams were confined in a small divergence angle of 7.5 mrad (FWHM). With a c of 260 (E ¼ 130 MeV), the betatron oscillation strength parameter K ¼ ch is 2, which is relatively small compared with previous studies. 2, [12] [13] [14] The spectrum of the x-ray source was measured by cut-off filters technique. Assuming the generated x-ray had a synchrotron-type spectrum, i.e., SðEÞ $ N b Since the x-ray critical energy, betatron strength parameter, and electron energy have been measured, based on the definition of critical energy for the emitted betatron x-ray E c ¼ 3 hKc 2 -b , the oscillation frequency of the betatron oscillations is calculated to be -b ¼ 1:6 Â 10 13 rad=s. The oscillation period can be deduced as
Considering a channel length L ¼ 2.5 mm, the number of the betatron oscillation periods is
With a measured K ¼ 2, the total photon number can be estimated as
À3 N e N 0 K ¼ 1:2 Â 10 7 , 2 in which N e is the electron number. That is in reasonable agreement with the experimental measured value. The oscillation amplitude r 0 of the electrons performing the betatron motion is 0.1 lm deduced from K ¼ ch ¼ 2pcr 0 =k b , which is smaller compared with previous experimental results 2,12-14 and suggests a smaller x-ray source size. Based on the results presented here, it is anticipated that utilizing PW-class laser with a large focal spot (thus a longer Rayleigh length) propagating in low density nitrogen gas, it might be possible to simultaneously generate high-energy quasimonoenergetic electron beams and highly collimated x-ray source with good spatial coherence working in a small K-parameter regime.
In conclusion, we have experimentally demonstrated a simultaneous generation of quasimonoenergetic electron beams and betatron x-rays from laser-driven low density nitrogen gas jet target via the ionization injection mechanism. Upon the interaction of 60 TW laser pulses with 4 mm long supersonic nitrogen gas jet, a directional x-ray emission was generated along with the generation of stable quasimonoenergetic electron beams having a peak energy of 130 MeV and a relative energy spread of $20%. The betatron x-ray emission had a small divergence of 7.5 mrad and a critical energy of 4 keV. The laser wakefield acceleration process was stimulated in a background plasma density of merely 5.4 Â 10 17 cm À3 utilizing ionization injection. The non-self-focusing and stable propagation of the laser pulse in the pure nitrogen gaseous plasma should be responsible for the simultaneous generation of X-ray and electron beams. Those ultra-short and naturally-synchronized beams could be applicable to ultrafast pump-probe experiments. 
